Hepatitis A incidence has declined in most countries through a combination of prevention measures, augmented through the use of a highly effective vaccine. In Australia, the proportion of the population susceptible to hepatitis A infection has declined over time due to high rates of opportunistic vaccination as well as the sustained inflow of seropositive immigrants from high-endemicity countries. These factors have contributed to a rapid decline in incidence. An age-structured hepatitis A transmission model incorporating demographic changes was fitted to seroprevalence and disease notification data and used to project incidence trends and transmission potential for hepatitis A in the general population. Robustness of findings was assessed through worst-case scenarios regarding vaccine uptake, migration and the duration of immunity. The decline in age-specific seroprevalence until the introduction of hepatitis A vaccine in 1994 was well explained through a declining basic reproduction number (R 0 ) that remained >1. Accounting for existing immunity, we estimated that the effective reproduction number (R eff ) <1 in the general population of Australia since the early 1990s, declining more rapidly after the introduction of the hepatitis A vaccine. Future projections under a variety of scenarios support R eff remaining <1 with continued low incidence in the general population. In conclusion, our results suggest that sustained endemic transmission in the general Australian population is no longer possible although risks of sporadic outbreaks remain. This suggests potential for local elimination of hepatitis A infection in Australia, provided that elimination criteria can be defined and satisfied in risk groups. The methodology used here to investigate elimination potential can easily be replicated in settings such as in the USA where sequential seroprevalence studies are supported by routine notification data.
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| INTRODUC TI ON
Hepatitis A infection rates have declined in most parts of the world and particularly in developed populations. This decline has been achieved through a number of preventive measures including improvements in hygiene 1 , the availability of an effective vaccine 2 and improved outbreak response measures 3 , bringing the question of long-term local elimination of hepatitis A transmission into discussion in a number of countries 4 .
While the potential for both person-to-person and point-source transmission make estimating reproduction numbers challenging for hepatitis A, existing estimates suggest that the basic reproduction number (R 0 ) is probably no higher than 2-4 in endemic and special risk populations 5 and lower in general populations 6 in countries with strong public health infrastructure in relation to the modes of transmission of hepatitis A. Given the moderate R 0 and the fact that vaccination leads to long-lasting and effective immunity This has been driven by high opportunistic vaccination rates as well as a sustained inflow of seropositive immigrants to Australia from regions of high hepatitis A endemicity that contributes to maintaining the proportion of the population that is susceptible to infection at a low level, thereby suppressing the occurrence of epidemics in the general population 13 .
In this study, we aimed to explain the decline in incidence in
Australia using a mathematical model of hepatitis A transmission, informed by time trends in age-specific seroprevalence and demographic parameters, and notified incidence of disease. Using this model, we project the future epidemiology of hepatitis A in the general population of Australia, under several scenarios designed to test whether the effective reproduction number (R eff ) can be sustained below the endemic threshold (R eff <1). 
| MATERIAL S AND ME THODS

| Global hepatitis A seroprevalence
Age-specific hepatitis A seroprevalence for immigrants was determined based on country of birth using the hepatitis A endemicity/ risk classification reported by Jacobsen et al in 1990 and 2005 14 .
| Hepatitis A cases
Reported hepatitis A cases in Australian residents from 1991 to 2016, stratified by age, were obtained from the Australian National Notifiable Diseases Surveillance System (NNDSS).
| Social contacts
Data on social contact patterns (household and physical) were obtained from the POLYMOD study 15 .
| Vaccination rates
Age-and time-dependent vaccination rates in Australia were obtained from our previous study 13 reporting estimates of average vaccination rates during 3 consecutive 5-year time periods ('94-'98, '99-'03 and '04-'08) stratified by age.
Additional details of data with references to data acquired from online sources (ABS and NNDSS) are provided in Appendix S1.
| Model description and assumptions
Building on previous work 5 , we developed a compartmental susceptible-infected-recovered (SIR) type mathematical model describing hepatitis A transmission and immunity in the Australian population. Briefly, the modelled population was stratified by single-year-of-age (see schematic in Figure 1 ) and distributed be- 
| Demographics
For simplicity, we assumed infants to be susceptible at birth. Maternal antibodies persist in infant post-partum for 6-12 months 16,17 but hepatitis A seroprevalence at childbearing age was relatively low across the study period. Interaction with vaccine efficacy is also unlikely since the vaccine is not recommended in children <1 year of age. Ageing and all-cause mortality are modelled through continuous (in time) in-flows and out-flows between adjacent age strata.
Immigrants were assumed either to be susceptible or immune through natural infection or vaccination, with age-and time-specific immune proportions calculated as a weighted sum based on country of birth endemicity classification (Very low, Low, Intermediate and High) 14 . The numbers of immigrants in the E, I P , I A and I S states were assumed to be negligible, as even in high-endemicity settings, hepatitis A prevalence is low (~0.1%) due to the relatively short duration of infection (~35 days, see Table S1 -1). A detailed description of methodology and underlying assumptions used in classifying immigrants into S, R and V compartments based on the time they arrived in Australia is provided in section S1.3.2.
| Force of infection
The force of infection due to hepatitis A was composed of a timedependent contact-based term (λ c ) and a term that reflects other sources of infection including point-source (eg, food and water contamination) and travel-related contact (λ o ). We assumed that all infectious individuals, whether symptomatic or asymptomatic (ie, I P , I A and I S ), contributed equally to the force of infection due to local person-to-person contacts (λ c ).
Age-specific contact rates were generated from the UK component (in the absence of similar data specific to Australia) of the POLYMOD study 15 . Rates of making contact were assumed constant in-time on a per-person basis but were influenced at a population level by changes in the population age-distribution. The contact rates were weighted by an age-independent but time-dependent probability of infection per contact q (t), which was the main target for model fitting.
While ideally both λ o and λ c would be included in fitting to the pre-vaccination seroprevalence data, we found that the terms were A detailed description of key assumptions and model equations is presented in Appendix S1.
| Model calibration and fitting
We implemented our model as a system of differential equations (equations (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) in Appendix S1) in Matlab R2016b (The Mathworks Inc., Natick, MA, USA).
| Fitting step 1
We investigated three simple monotonically decreasing forms of q (t)
: linear decline (two parameters), exponential decay with positive offset and a rational function with positive offset (both with three parameters). Differing models of q (t) were compared using model deviance (D) (see equations (25) , (26) and (27) in Appendix S1) in a maximum likelihood approach.
| Fitting step 2
The final model from fitting step 1 was then run forward. This enabled us to estimate the additional force of infection term λ o by minimizing the least-squares difference between the reported and modelled annual per capita notification rates (see Appendix S1 for details).
| Validation and uncertainty intervals 2.4.1 | Contact structure
We lacked specific proxy data reflecting hepatitis A transmission events and instead compared two different contact structures measured during the POLYMOD study with higher similarity to the contacts likely to result in hepatitis A transmission (i) only household contacts (HH) or (ii) only physical contacts (PY). We compared fits from the differing contact models using the model difference measures described above for fitting steps 1 and 2.
| Sample sizes in serosurveys
In order to assess the influence of sample size related uncertainty in the Australian seroprevalence data on fitted parameters, we generated 100 seroprevalence profiles at each of the three time points 1955, 1975 and 1988 using a non-parametric bootstrap within each age category and generated 100 sets of fitted parameter values for q (t) and λ o under both types of contact matrices.
| Independent source of data for validation
NNDSS data for hepatitis A include whether acquisition was domestic or imported (refer Table S1 -2). We used this data to estimate R eff = (1 − proportion of imported cases), using the method presented by Gay 19 as a comparison to model-derived R eff curves. 
| Predictions and scenario analysis
We investigated the impact of three factors on model outcomes: (i) reduced duration of vaccine-conferred immunity; (ii) reduced vaccination rate in Australia; and (iii) increased level of susceptibility in immigrants. These factors were expected to be most likely to produce a return to endemic infection (ie, R eff > 1).
In Tables S1-1 and S1-3 for a summary of parameters used in different scenarios. 
| RE SULTS
| Model fitting and calibration
| Model validation
In Figure 3B , the model-generated R eff shows a similar trend to estimates generated using a method 19 based on the proportion of hepatitis A cases that were imported (annual proportion of imported cases are reported in Figure 3A ). As the two approaches to estimation here are entirely independent, this provides some external validation of the modelled outcomes. R 0 is projected to continue to decrease in the future irrespective of the assumed contact structure (refer Figure 4C ). This is due to the combination of an ageing population with fixed infectious contact rates that are lower in older people. R eff declines more rapidly until 2040, reaching 0.386 and 0.401 in HH and PY models respectively, at which point levels of vaccine-derived immunity stabilize and the decline slows to match that projected for R 0 . Thus, under base-case assumptions, R eff < 1 is projected to be sustained until at least 2060.
| Alternative scenarios
We then looked at the impact of less favourable assumptions regarding vaccine-derived immunity on the potential for a return to endemic infection (Reff > 1). Here we focused on the HH-model simulations, as under the PY model R 0 < 1 over the period of interest. Figure 5 and show that decreasing the duration of vaccine-derived immunity to 45, 25 and 5 years progressively increases R eff but not enough to reach the endemic Despite the strengths we outline above, it is important to note study limitations. Direct proxy contacts for hepatitis A were not available and the two contact types investigated (ie, household and physical-only contacts) may differ from ideal measures. However, we note that projections over the available period of data were in close alignment with notification data and R 0 as estimated via the proportion of imported cases. We note the inability to fit the model to both F I G U R E 6 (A) Model generated symptomatic incidence discounted for under-reporting compared to NNDSS reports and (B) Model generated Basic (R 0 ) and Effective (R eff ) Reproduction Numbers, under Scenario 4 (duration of vaccine-conferred immunity = 5 y), Scenario 5 (duration of vaccine-conferred immunity = 5 y and all immigrants are seropositive), Scenario 6 (duration of vaccine-conferred immunity = 5 y and zero vaccination rate) and Scenario 7 (duration of vaccine-conferred immunity = 5 y, zero vaccination rate and all immigrants are seropositive) using the household contacts matrix (HH). Shaded areas represent the 95% CIs of the model output calculated using 100 bootstraps periods simultaneously and this might lead to some overestimation of contact-driven transmission in the pre-vaccine period. Age-stratified incidence data prior to 1991 were not available and as these were likely to feature unknown trends in completeness (eg, related to development of laboratory tests during this period) were not used in model comparisons. Uncertainty analysis related only to sample-driven uncertainty in the seroprevalence data and disregarded uncertainty surrounding reported incidence. This was considered to be relatively minor due to a consistent reporting approach from 1991-as part of the establishment of the NNDSS. Estimates of vaccine-derived immunity relied on our previous study 13 , which assumed lifelong protection and was subject to biases associated with convenience samples of sera. We also note that forecasts of demographic parameters and vaccination rates used in projections will become increasingly uncertain over the period to In this study, we show that modelling, combined with seropreva- 
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